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Abstract 
In the mammalian brain, newly acquired memories depend on the hippocampus for maintenance 
and recall, but over time these functions are taken over by the neocortex through a process called 
systems memory consolidation. However, reactivation of a well-consolidated memory can return 
it to a hippocampus-dependent state. This is normally followed by a restoration of hippocampus-
independence, a phenomenon known as systems memory reconsolidation. The neural 
mechanisms underlying systems memory consolidation and reconsolidation are poorly 
understood. Here, we propose a neural model based on well-documented mechanisms of synaptic 
plasticity and stability and describe a computational implementation that demonstrates the 
model’s ability to account for a number of findings from the systems consolidation and 
reconsolidation literature.  
 
Keywords: memory reconsolidation; artificial neural network; AMPA receptor exchange, neural 
plasticity 
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A Computational Model of Systems Memory Consolidation and Reconsolidation 
The neural processes that transform memories from short-term to long-term storage are 
collectively known as memory consolidation. They include synaptic consolidation, relatively 
rapid intra-cellular changes that stabilize synaptic potentiation, and systems consolidation, slower 
and larger-scale processes that reorganize and restructure memory traces across brain systems. In 
particular, systems consolidation refers to mechanisms that gradually make memories 
independent of the hippocampus, a structure in the medial temporal lobe of the mammalian 
brain. 
Whereas new memories are susceptible to disruption by a number of different types of 
interventions (e.g. electroconvulsive shock, certain pharmaceuticals, surgical procedures, and 
interfering new learning), consolidated memories are much more resistant. However, retrieval of 
a consolidated memory can trigger a process in which it transiently becomes vulnerable to such 
interventions again, but subsequently restabilizes into a consolidated state. This is known as 
reconsolidation, and like consolidation it can be observed both at the synaptic and systems 
levels. While much has been learned about the molecular underpinnings of synaptic 
consolidation and reconsolidation, the mechanisms responsible for the systems-level phenomena 
remain largely unknown (Asok, Leroy, Rayman, & Kandel, 2019; Hardt & Nadel, 2018). 
Here, we present an artificial neural network model that includes connection dynamics 
based on recently described mechanisms of synaptic plasticity and demonstrate how these low-
level mechanisms can account for systems consolidation and reconsolidation. 
We begin with overviews of synaptic and systems memory consolidation and 
reconsolidation, and related computer simulations. Next, we describe our model, report on 
simulation results and discuss their implications. 
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Synaptic Consolidation and Reconsolidation 
The idea that memories are stored in the strengths of synaptic connections between 
neurons was pioneered by Santiago Ramón y Cajal (1894) and is now nearly universally 
accepted (Kandel, Dudai, & Mayford, 2014; Sossin, 2008) – but see e.g. Gallistel and Matzel 
(2013) and Trettenbrein (2016) for dissenting views.  
Synaptic transmission. Neurons generate electrical signals called action potentials (APs) 
that travel along nerve fibers (axons) toward synapses where connections are made with other 
neurons. When an action potential reaches a synapse, neurotransmitter is released into the 
synaptic cleft, a narrow gap between the presynaptic active zone and the post-synaptic density 
(PSD), specialized areas of neuronal cell membrane that together make up the synapse. The 
neurotransmitter molecules bind to receptors in the PSD, thereby triggering activity in the 
postsynaptic neuron. The amount of activity that is generated by the arrival of an action potential 
is a measure of synaptic strength, and it depends both on the amount of transmitter released and 
on the numbers and types of receptors in the PSD (Citri & Malenka, 2008; Kandel et al., 2014). 
The amino acid glutamate is the most abundant neurotransmitter in the vertebrate nervous 
system (Platt, 2007). There are several types of glutamate receptors, among which the α-amino-
3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPA receptor or AMPAR), is chiefly 
responsible for mediating synaptic transmission (Citri & Malenka, 2008; Maren, Tocco, 
Standley, Baudry, & Thompson, 1993), and the N-methyl-D-aspartate receptor (NMDA receptor 
or NMDAR), is involved with regulatory functions including the regulation of synaptic strength 
(Ben Mamou, Gamache, & Nader, 2006; Citri & Malenka, 2008; D. L. Walker & Davis, 2002). 
Long-term potentiation. When a neuron is stimulated strongly enough to make it fire 
(generate an AP), participating glutamatergic synapses are strengthened by a process called long-
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term potentiation (LTP) (Bliss & Lømo, 1973), which is associated with an increase in the 
number of AMPARs inserted in the PSD (Malenka & Bear, 2004). There are different forms of 
LTP. Moderately strong stimulation gives rise to early-phase LTP (E-LTP), which lasts for at 
most a few hours and is implicated in short-term memory (Rudy, 2015). More intense 
stimulation can trigger the induction of late-phase LTP (L-LTP), which can persist for months or 
longer and is believed to be an important mechanism for long-term memory (Abraham, 2003; 
Pastalkova et al., 2006). 
Consolidation. Induction of L-LTP – but not E-LTP – requires synthesis of new proteins 
by RNA translation. This is known from experiments with protein synthesis inhibiting drugs 
(PSIs) such as anisomycin or cycloheximide. Infusion of such drugs before or immediately after 
stimulation can prevent establishment of L-LTP (Fonseca, Nägerl, & Bonhoeffer, 2006; Frey, 
Huang, & Kandel, 1993; Frey, Krug, Reymann, & Matthies, 1988; Huang, Li, & Kandel, 1994). 
However, once L-LTP has been established, a process that takes on the order of one hour, it is no 
longer vulnerable to PSI (Bourtchouladze et al., 1998; Kandel, 2000). 
At the behavioral level, PSI injection within the first hour after training, but not later, has 
been shown to impair the formation of long-term memory, consistent with the notion that L-LTP 
induction is a key mechanism for establishing long-term memory (Davis & Squire, 1984).  The 
term “synaptic memory consolidation” is in fact often used as a synonym for L-LTP induction 
(Bramham & Messaoudi, 2005; Ziegler, Zenke, Kastner, & Gerstner, 2015). 
Reconsolidation. Several studies from the 1940s and 1950s demonstrated that 
electroconvulsive shock (ECS) could interfere with the establishment of long-term memory in 
rodents (Duncan, 1949; Gerard, 1955; Thompson & Dean, 1955) and in humans (Cronholm & 
Lagergren, 1959; Kehlet & Lunn, 1951), but only when applied within an hour or two after 
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acquisition. However, in 1968, Misanin et al. reported that ECS could impair 24-hour-old 
memories of fear conditioning in rats if the convulsive treatment was immediately preceded by 
memory “reactivation”, i.e. retrieval cued by presentation of the conditioned stimulus (Misanin, 
Miller, & Lewis, 1968). Post-reactivation susceptibility to ECS was also demonstrated by 
Schneider and Sherman (1968) and Lewis, Mahan and Bregman (1972). Judge and Quartermain 
(1982) reported that injection of the protein synthesis inhibitor anisomycin, which was known to 
produce memory deficits when administered to mice immediately after training, could also 
impair older memories if given 30 minutes or less after reactivation. Przybyslawski and Sara 
(1997) showed that the NMDA receptor antagonist MK-801 could induce memory deficits in rats 
that had been trained on a maze-running task, if injected up to 90 minutes after a maze run, but 
not after 120 minutes. The authors proposed that reactivation returns a well-established memory 
to a labile state from which it normally restabilizes spontaneously, and that this restabilization 
requires some or all of the same NMDA receptor-dependent events that are needed for 
consolidation of new memories. They therefore referred to the process as memory 
reconsolidation (Przybyslawski & Sara, 1997), a term first introduced by Spear (1973). Nader et 
al. (2000) demonstrated that anisomycin infusion into the amygdala of rats could disrupt an 
established fear-conditioning memory if performed immediately after reactivation, but not six 
hours later. Taken together, these studies support the notion that reactivation can render a 
memory trace that has undergone synaptic consolidation labile, and that an NMDA-dependent 
process involving protein synthesis is required to subsequently restabilize it. The phenomenon, 
now known as synaptic memory reconsolidation, has attracted much interest in the wake of the 
Przybyslawski and Sara (1997) and Nader et al. (2000) papers, and a large reconsolidation 
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literature now exists (for reviews, see Baldi & Bucherelli, 2015; Besnard, Caboche, & Laroche, 
2012; Lee, Nader, & Schiller, 2017; Nader & Einarsson, 2010). 
The function of reconsolidation. It is generally believed that the function of post-
retrieval plasticity is to permit memory modification or updating when new information is 
encountered (Lee, 2009; Lee et al., 2017; Schiller & Phelps, 2011). Several studies with human 
subjects have shown that new training material is more likely to interfere with an established 
memory if presented after reactivation of the original memory (Forcato et al., 2007; Hupbach, 
Gomez, Hardt, & Nadel, 2007; M. P. Walker, Brakefield, Hobson, & Stickgold, 2003), although 
some authors have questioned whether such results really are evidence of a reconsolidation 
process (Ecker & Lewandowsky, 2012; Sederberg, Gershman, Polyn, & Norman, 2011). Post-
reactivation memory updating has also been demonstrated in rodents (Jones, Pest, Vargas, 
Glisky, & Fellous, 2015; Monfils, Cowansage, Klann, & LeDoux, 2009).  
The molecular underpinnings of LTP. The biochemical basis of LTP is far from 
completely understood, but intense research efforts during the last several decades have begun to 
throw light on some of the underlying molecular mechanisms (for reviews, see Baltaci, 
Mogulkoc, & Baltaci, 2019; Kandel et al., 2014). One significant discovery is that different types 
of AMPA receptors are of importance for the induction and maintenance of the early and late 
phases of LTP (Hong et al., 2013; McCormack, Stornetta, & Zhu, 2006; Rao-Ruiz et al., 2011). 
An AMPA receptor is made up of four subunits, each of which can be of several different kinds. 
Depending on the subunit composition, an AMPA receptor may or may not permit calcium ions 
through the cell membrane, and is accordingly designated as calcium-permeable (CP) or 
calcium-impermeable (CI) (Henley & Wilkinson, 2013). E-LTP induction is characterized by a 
rapid increase in the number of CP-AMPARs, while the establishment of L-LTP requires 
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insertion of CI-AMPARs (Clem & Huganir, 2010; Hong et al., 2013; Kessels & Malinow, 2009; 
Plant et al., 2006). This discovery is significant because the increased CP-AMPAR count is 
relatively short-lived, whereas an elevated level of CI-AMPARs can be sustained for a long time 
(Clem & Huganir, 2010; Hong et al., 2013; Plant et al., 2006). This has been hypothesized to be 
due to molecular mechanisms that traffic CI-AMPARs to the potentiated synapse and protect 
them against removal (Clopath, Ziegler, Vasilaki, Buesing, & Gerstner, 2008; Helfer & Shultz, 
2018; Jalil, Sacktor, & Shouval, 2015; Sacktor, 2011; Smolen, Baxter, & Byrne, 2012; Zhang, 
Smolen, Baxter, & Byrne, 2010). Interestingly, memory retrieval has been shown to trigger a 
transient reversal to an E-LTP-like high CP-AMPAR/low CI-AMPAR state (Hong et al., 2013; 
Rao-Ruiz et al., 2011), providing a potential explanation for post-retrieval synaptic instability. 
As previously mentioned, infusion of a protein synthesis inhibitor can interfere both with the 
induction of L-LTP and with restabilization of L-LTP after reactivation. A proposed explanation 
for this is that proteins required to transport CI-AMPARs into the synapse, and to maintain them 
there, need to be manufactured in order for either of these processes to occur (Sacktor, 2011). 
To summarize, moderate stimulation induces E-LTP, characterized by an increased 
number of CP-AMPARs which have a limited dwell time at the synapse. More intense 
stimulation triggers induction of L-LTP, which is associated with an increased number of 
CI-AMPARS and can persist for a long time. There is evidence that E-LTP and L-LTP correlate 
with short-term and long-term memory, respectively. Memory retrieval can cause consolidated 
synapses to temporarily return to an unstable E-LTP-like state with high CP-AMPAR count and 
low CI-AMPAR count. Protein synthesis inhibition administered shortly after training – but not 
later – interferes with L-LTP induction. At the behavioral level, PSI infusion can prevent 
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formation of long-term memory. PSI administered immediately after memory retrieval can cause 
loss of L-LTP, and, at the behavioral level, impairment of consolidated memories. 
Systems Consolidation and Reconsolidation 
Consolidation. Scoville and Milner (1957) famously documented that bilateral 
hippocampal lesions in human patients resulted in profound memory loss for past events 
(retrograde amnesia), as well as a near complete inability to form new long-term memories 
(anterograde amnesia). The retrograde amnesia appeared to be graded: it was most severe for the 
period shortly before surgery, while older memories were relatively spared. These findings have 
been confirmed with other humans patients (Dede & Smith, 2016; Manns, Hopkins, & Squire, 
2003; Penfield & Milner, 1958), and reproduced in animal studies with primates (Squire & Zola-
Morgan, 1991; Zola-Morgan & Squire, 1990) and rodents (Anagnostaras, Maren, & Fanselow, 
1999; Winocur, 1990) – although a temporal gradient is not always observed (Lah & Miller, 
2008; Sutherland, Sparks, & Lehmann, 2010). The observation that recent memories are more 
vulnerable to hippocampal damage than older ones has given rise to the notion that the 
hippocampus plays a crucial role in the maintenance and recall of new memories, but over time 
these functions are taken over by the neocortex (Frankland & Bontempi, 2005; McClelland, 
McNaughton, & O’Reilly, 1995; Milner, 1989; Nadel & Hardt, 2010; Squire & Zola-Morgan, 
1991, p. 199). The process responsible for this reorganization is called systems memory 
consolidation (Dudai, 2004). According to what is called the standard theory of systems 
consolidation (Squire & Alvarez, 1995), the hippocampus quickly records information about 
events in real time, then repeatedly replays them, perhaps primarily during sleep (Genzel et al., 
2017), thereby driving a more time-consuming process of memory trace creation in the neocortex 
(Frankland & Bontempi, 2005; McClelland et al., 1995). A possible explanation for why it takes 
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longer to lay down a memory trace in neocortex is that it is more sparsely inter-connected than 
the hippocampus, and that creation of a memory trace therefore requires axonal growth and 
synaptogenesis (Alvarez & Squire, 1994; Frankland & Bontempi, 2005).  
While the standard theory is not universally accepted (Nadel & Moscovitch, 1997; Rudy, 
Biedenkapp, & O’Reilly, 2005; Winocur, Moscovitch, & Bontempi, 2010), it enjoys widespread 
support and is compatible with a large body of empirical evidence (Dede & Smith, 2016; 
Runyan, Moore, & Dash, 2019; Squire, Genzel, Wixted, & Morris, 2015; Wang & Morris, 2010; 
Wiltgen, Brown, Talton, & Silva, 2004). 
 Several neocortical regions in the frontal and temporal lobes have been identified as 
locations where memories consolidate (Bontempi, Laurent-Demir, Destrade, & Jaffard, 1999; 
Ding, Teixeira, & Frankland, 2008; Frankland & Bontempi, 2005; Quirk & Mueller, 2008); 
among these the anterior cingulate cortex (ACC), part of the prefrontal cortex, has received 
particular attention because it has been shown to play an important role for recall of remote 
memories in several experimental paradigms including fear conditioning, conditioned taste 
aversion, trace eyeblink conditioning and spatial discrimination (Bontempi et al., 1999; 
Frankland & Bontempi, 2005; Frankland, Bontempi, Talton, Kaczmarek, & Silva, 2004; Maviel, 
Durkin, Menzaghi, & Bontempi, 2004; Takehara, Kawahara, & Kirino, 2003). 
Experimental methods. Much information regarding the role of the hippocampus in 
systems consolidation comes from lesion experiments with rats or mice, where bilateral 
hippocampal lesions are performed at different intervals following training. In a common type of 
fear conditioning, a sound or a specific spatial context (conditioned stimulus) is paired with an 
electric foot shock or other aversive unconditioned stimulus. Recall is subsequently tested by 
presenting the conditioned stimulus alone and measuring the degree of fear response. Findings 
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from this type of study indicate that hippocampal lesions immediately after training result in 
severely impaired recall, but longer delays between conditioning and lesions produce gradually 
less severe impairments. The time interval after conditioning during which hippocampal lesions 
result in memory impairment is called the systems consolidation window. For fear conditioning 
in rodents, most studies report a consolidation window of between three and four weeks (J. Kim, 
Clark, & Thompson, 1995; J. Kim & Fanselow, 1992; Kitamura et al., 2009; Land, Bunsey, & 
Riccio, 2000; Winocur, Moscovitch, & Sekeres, 2013). Longer windows have been reported for 
primates: months in monkeys (Zola-Morgan & Squire, 1990), and years in humans (Scoville & 
Milner, 1957; Squire & Cohen, 1979). 
Systems consolidation has also been investigated by studying the effect of reversible 
inactivation of specific brain areas. Studies using pharmaceutical inactivation of the 
hippocampus and/or ACC have shown that retrieval of a fear memory is hippocampus-dependent 
one or three days after acquisition, but not after 28 or 30 days. At this point it has instead become 
dependent on the ACC for retrieval (Einarsson, Pors, & Nader, 2015; Frankland et al., 2004; 
Sierra et al., 2017; Wiltgen et al., 2010). 
Thus results from both lesion and inactivation studies are compatible with the standard 
theory, and similar results have also been obtained in studies measuring brain activity during 
retrieval of recent and remote memories (Bontempi et al., 1999; Gafford, Parsons, & Helmstetter, 
2013; Nadel & Hardt, 2010). 
Reconsolidation. Whereas synaptic reconsolidation – the transient post-reactivation 
susceptibility of memories to amnestic interventions like electro-convulsive shock or 
administration of protein synthesis inhibitors – has been studied since the 1960s (Judge & 
Quartermain, 1982; Lewis et al., 1972; Misanin et al., 1968), systems reconsolidation – the return 
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of hippocampus-dependence after reactivation – was first described in 2000 (Land et al., 2000), 
and subsequently by Debiec et al. (2002) and Winocur et al. (2009; 2013). These researchers 
found that hippocampal lesions produced amnesia for 30- or 45-day old fear memories if 
performed immediately after reactivating the memories by presenting the conditioned stimulus. 
Hippocampal lesions did not produce memory impairments without preceding reactivation, nor if 
administered after the reactivated memory was allowed 48 hours to restabilize after reactivation 
(Debiec et al., 2002). It thus appears that reactivation renders a neocortical memory trace 
unstable and that a functioning hippocampus is needed for its restabilization. 
Inactivation studies have provided additional information about the effect that 
reactivation has on remote memories. As noted above, 30-day old fear memories are strongly 
dependent on ACC for retrieval. In an elegant study, Einarsson et al. (2015) showed that six 
hours after memory reactivation, ACC inactivation no longer impaired retrieval, but after 24 
hours ACC-dependence had returned. At the six-hour time point, inactivation of the 
hippocampus also did not affect retrieval, but simultaneous activation of both hippocampus and 
ACC did block recall.  
Together, the findings from post-reactivation lesion and inactivation studies suggest that 
reactivation triggers the creation of a short-lived hippocampal memory trace that is able to 
support recall and is also required for restabilization of the ACC trace. 
Debiec et al. (2002) also reported that PSI infusion into hippocampus immediately after 
reactivation blocks reconsolidation, i.e. produces a lasting memory impairment, even 45 days 
after training. Other researchers (Haubrich et al., 2015; Milekic & Alberini, 2002) failed to 
reproduce this effect of post-reactivation PSI after such long post-training intervals, but did 
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report seeing the effect seven days after training. Frankland et al. (2006) did observe an amnestic 
effect after 36 days, but only if the PSI was injected systemically. 
An interesting clue to a connection between synaptic and systems reconsolidation is 
provided by Ghazal (2016): reactivation of a 1-day-old fear memory triggered a strong reduction 
of CI-AMPARs in hippocampus but not in ACC, whereas at 30 days the opposite was true. This 
result is consistent with a transition from hippocampus to ACC engagement over a systems-
consolidation timeframe and with synaptic reconsolidation taking place in whichever of the two 
systems is engaged in the retrieval.  
In summary, retrieval of a new (e.g. 3-day-old) fear memory requires the hippocampus 
but not the ACC. Over time, a reversal takes place so that retrieval of a 30-day-old memory 
requires the ACC but not the hippocampus. Reactivation of a consolidated memory temporarily 
returns it to ACC-independence for retrieval. Systems consolidation (establishment of a 
neocortical trace) and systems reconsolidation (restabilization after reactivation-induced 
destabilization of the neocortical trace) both require hippocampal involvement. 
Model 
The foregoing findings suggest the following models at the synaptic and systems level: 
Synaptic level 
 Moderately intense stimulation induces E-LTP, which involves the rapid insertion 
of CP-AMPARs. Constitutive processes subsequently remove these within hours. 
 More intense stimulation sets in motion L-LTP induction (synaptic consolidation) 
which involves a state change in a bistable mechanism (molecular switch). When in 
the ON state, this mechanism maintains a high CI-AMPAR count in the synapse; 
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when the switch is OFF, the CI-AMPAR count drifts towards a basal level 
characteristic of the unpotentiated synapse. 
 Memory retrieval abruptly removes CI-AMPARs from the synapse and replaces 
them with CP-AMPARs, thus returning the synapse to an E-LTP-like state. The 
subsequent restoration of L-LTP is protein-synthesis-dependent and requires 
NMDA activity, i.e. neural stimulation.  
Systems level 
 Stimulus presentations trigger patterns of activation in multiple ensembles of 
neurons in the neocortex (NC). These active neurons in turn project onto and 
activate neurons in the hippocampus (HPC), where a memory trace is quickly 
created, providing linkages between the activated NC ensembles. Linkages are also 
created through prefrontal cortex, in particular ACC, but these linkages are initially 
too weak to support memory retrieval without HPC support. 
 Subsequently, the HPC memory trace is spontaneously and repeatedly reactivated 
which causes stimulation of these same NC neural ensembles through nerve fibers 
projecting back from the HPC to the NC. Over time, the repeated reactivation of the 
NC neural ensembles strengthens the ACC linkages, eventually to a point where 
they can support retrieval of the memory without assistance from the hippocampus.  
 Meanwhile, the HPC trace is gradually weakened either by constitutive decay 
processes (Hardt, Nader, & Nadel, 2013; Sachser et al., 2016) or by interference 
from new learning that reuses the same hippocampal circuits. 
 If a consolidated memory is reactivated by a reminder, then activity in the 
neocortical neural ensembles triggers re-establishment of the HPC linkage. 
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Simultaneously, the retrieval causes transient destabilization of the synapses in the 
ACC linkage. 
 In the period following reactivation, the systems reconsolidation window, 
hippocampal replay stimulates the now destabilized synapses of the ACC linkage. 
This activity drives re-establishment of L-LTP in these synapses. Meanwhile, the 
reactivated HPC trace rapidly decays, leading to a return to ACC-dependence in 24 
hours or less. 
Temporal characteristics 
The temporal characteristic of systems consolidation and reconsolidation provide 
clues to the underlying mechanisms: 
The reconsolidation window is shorter than the consolidation window. 
Hippocampal lesion after training produces a time-dependent memory impairment, 
more severe the shorter the delay between conditioning and lesion. Similarly, 
hippocampal lesion after reactivation also causes more severe impairment if 
performed early. However, the time scales are very different. New memories are 
susceptible for at least several weeks after training (J. Kim & Fanselow, 1992; Squire 
& Cohen, 1979; Winocur, 1990; Zola-Morgan & Squire, 1990), whereas the post-
reactivation window of vulnerability only lasts for a few days (Debiec et al., 2002). 
Our model attributes this difference to the different natures of the processes being 
interrupted by HPC lesioning in the two scenarios. In the case of consolidation, what 
is being interrupted is the gradual and relatively slow establishment and 
strengthening of intra-neocortical connections; thus the earlier the intervention is 
performed, the weaker the partially consolidated memory trace will be. 
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Reconsolidation blockade, on the other hand, interrupts the much faster process of 
re-stabilization of destabilized neocortical synapses. The earlier in the 
reconsolidation window hippocampal lesion is performed, the fewer synapses will 
have had time to restabilize, leading to more severe memory loss. 
Memories become transiently ACC-independent after reactivation. 
Whereas a consolidated fear memory depends strongly on the ACC for recall, 
reactivation triggers a brief period of ACC-independence, such that six hours after 
reactivation ACC inactivation has little or no effect on retrieval, but 18 hours later 
full ACC dependence has returned (Einarsson et al., 2015). This finding suggests that 
reactivation triggers the creation of a short-lived hippocampal memory trace that is 
able to support recall six hours later, but not 24 hours later. For a memory trace to 
last for six hours or more, it must have undergone synaptic consolidation, yet 24 
hours is a short lifetime for a consolidated trace – compare the situation after initial 
acquisition, where the hippocampal trace is able to support recall for at least several 
days. The reason why a post-reactivation hippocampal trace is so short-lived is not 
known. A possible explanation may be that memory retrieval activates an 
unidentified signaling pathway that accelerates depotentiation in the affected HPC 
synapses. 
Hippocampal PSI infusion after reactivation causes memory impairment. 
Infusion of the protein synthesis inhibitor anisomycin into hippocampus immediately 
after reactivation produces severe memory impairment. Our model explains this 
finding as the result of blocked synaptic consolidation of the hippocampal memory 
trace that is created by reactivation. This unconsolidated trace decays in a few hours, 
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too short a time period for more than a small subset of ACC synapses to have been 
restabilized. 
Computational Modeling 
Several artificial neural network (ANN) models have simulated hippocampal-neocortical 
interaction (Alvarez & Squire, 1994; McClelland et al., 1995; Meeter & Murre, 2005). These 
models all demonstrate how spontaneous reactivation of hippocampal traces can strengthen 
neocortical connections and are thus able to reproduce aspects of systems consolidation. 
However, a computational model of systems reconsolidation has not yet been published. Below, 
we present a computational implementation of the previously described model, and show that it 
is capable of reproducing both systems consolidation and reconsolidation, including effects of 
pharmaceutical and surgical interventions. The key to this capability is a more detailed 
connection design than is traditionally used in neural networks, Specifically, our connections 
simulate the AMPA receptor exchanges underlying synaptic consolidation and reconsolidation. 
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Methods 
Simulation Targets 
Table 1 summarizes the empirical findings described in the introduction, which our 
model aims to reproduce in simulations. 
Table 1: Simulation targets 
 Result Comments Citations 
1 Retrieval is HPC-dependent 
and ACC-independent at 3d. 
Retrieval of a three-day old memory is impaired 
by HPC inactivation but unaffected by ACC 
inactivation. 
de Oliveira Alvares et al., 
2012; Einarsson et al., 2015; 
Frankland et al., 2004; Gafford 
et al., 2013; Ghazal, 2016 
2 Retrieval is ACC-dependent 
and HPC-independent at 30d. 
Retrieval of a 30-day old memory is impaired by 
ACC inactivation but unaffected by HPC 
inactivation. 
de Oliveira Alvares et al., 
2012; Einarsson et al., 2015; 
Frankland et al., 2004; Gafford 
et al., 2013; Ghazal, 2016 
3 PSI during conditioning 
impairs LTM but not STM.  
Systemic injection of PSI during training 
prevents LTM induction – but does not impair 
STM . 
Davis & Squire, 1984; Frey, 
1997; Rossato et al., 2007 
4 PSI infusion during 
maintenance does not cause 
memory impairment. 
Systemic PSI injection does not impair a 
consolidated memory. 
Davis & Squire, 1984; Frey, 
1997 
5 HPC lesion at 3d causes 
memory impairment. 
HPC lesion at 3 days or less after training causes 
later recall to be severely impaired compared to 
non-lesioned animals. 
J. Kim & Fanselow, 1992; 
Land et al., 2000 
6 HPC lesion at 30d does not 
cause memory impairment. 
HPC lesion, when not preceded by memory 
reactivation, does not result in subsequently 
impaired recall. 
Debiec et al., 2002; J. Kim & 
Fanselow, 1992; Land et al., 
2000 
7 Reactivation alone does not 
impair a consolidated memory. 
Reactivation without subsequent HPC lesion or 
PSI infusion does not by itself impair a 
consolidated memory. 
Debiec et al., 2002; Land et al., 
2000 
8 Reactivation + PSI causes 
memory impairment. 
Reactivation immediately followed by PSI 
infusion into HPC causes impairment of a 
consolidated memory. 
Debiec et al., 2002; Rossato, 
Bevilaqua, Medina, Izquierdo, 
& Cammarota, 2006 
9 Delayed impairment effect of 
post-reactivation PSI infusion 
in HPC. 
The impairment caused by post-reactivation PSI 
infusion in HPC does not manifest in retrieval 
test soon after lesion (4h) but only later (24h). 
Debiec et al., 2002; Rossato et 
al., 2006 
10 Reactivation + HPC lesion 
causes memory impairment. 
Reactivation immediately followed by HPC 
lesion causes impairment of a consolidated 
memory. 
Debiec et al., 2002; Land et al., 
2000; Winocur et al., 2009  
11 Graded effect of post-
reactivation HPC lesion. 
The severity of memory impairment caused by 
post-reactivation HPC lesion depends on the 
reactivation-lesion delay. 
Debiec et al., 2002 
12 Retrieval can be supported by 
either ACC or HPC 6h after 
reactivation. 
Six hours after reactivation, neither ACC 
inactivation nor HPC inactivation alone impairs 
retrieval, but simultaneous inactivation of both 
does block retrieval.  
Einarsson et al., 2015 
13 Retrieval is ACC-dependent 
24h after reactivation. 
24h after reactivation, the memory has returned 
to being ACC-dependent for retrieval. 
Einarsson et al., 2015 
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 Network Architecture 
Like most artificial neural networks, ours consists of units and connections, where units 
are analogs of biological neurons (or ensembles of neurons) and connections model synapses. 
Topology. We use a recurrent artificial neural network with four regions representing 
hippocampus (HPC), anterior cingulate cortex (ACC) and two sensory cortex areas, SC0 and 
SC1, to which stimuli are presented. Each region consists of 25 units. Each HPC and ACC unit is 
bidirectionally connected to all units in the other three regions, see Figure 1. 
Units. The units are bistable and stochastic; the probability that a unit will be active at 
any time t in the simulation is an asymmetric sigmoid function of net input,  
( )
1
( )
1
j
j net t
T
P t
e



 (1) 
where netj(t), the net input to unit j at time t, is the sum of the activity levels of units connected to 
unit j, weighted by inbound connection strengths. 
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Figure 1: Network architecture. To reduce clutter only three of the twenty-five units in 
each region are shown. Each double-headed arrow represents two independent 
connections, one in each direction, between a pair of units. The diagram illustrates the 
state after initial acquisition: presentation of the unconditioned stimulus (US) and 
conditioned stimulus (CS) has activated some units in SC0 and SC1 (filled circles) and 
fast learning has created strong linkages (bold lines) through HPC. Linkages through 
ACC are still weak. 
Connections. The connections are abstract models of glutamatergic synapses, 
characterized by four variables:  
 capacity: the maximum number of AMPARs that can be inserted, roughly 
equivalent to PSD size or number of receptor “slots” in the PSD. 
 numCpAmpars: the number of currently inserted CP-AMPARs 
 numCiAmpars: the number of currently inserted CI-AMPARs 
 isPotentiated: a Boolean attribute that models the bistable nature of L-LTP  
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This combination of binary and continuously variable attributes makes it possible to 
model synapses where potentiation behaves like a bistable switch (Bortolotto, Bashir, Davies, & 
Collingridge, 1994; Jalil et al., 2015; Westmark et al., 2010), yet synaptic strength is variable 
with many distinct levels (Bartol et al., 2015). 
Stimulation causes an increase of the capacity attribute, allowing more AMPARs to be 
inserted. A connection’s weight at any moment is proportional to its total number of inserted 
AMPARs (numCpAmpars + numCiAmpars). The set of connections between any two regions, 
e.g. from HPC to SC1, is referred to as a tract. 
Simulation 
A simulation consists of a sequence of time steps. Various interventions may be 
scheduled for any time point during the simulation, and in addition several background processes 
execute at each time step. The scheduled event types are training, reactivation, HPC lesion, HPC 
inactivation and ACC inactivation. The background processes are consolidation, AMPAR 
trafficking and random depotentiation. In addition, a retrieval test can be executed at any time. 
The different interventions and background processes are described in the following. 
Learning rule. The network learns activation patterns by a Hebbian learning rule (Hebb, 
1949) that increases the capacity of connections between simultaneously activated units, 
asymptotically towards a maximum value: 
max( 1) ( ) ( (t))ij ij ijc t c t C c   
 
(2) 
where cij(t) is the capacity of the connection between units i and j at time t, Cmax is the maximum 
connection capacity (a global constant) and µ is a learning rate specific to the tract that 
connection ij belongs to.  
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Capacity growth is followed by an increase in the number of CP-AMPARs such that the 
total AMPAR count becomes equal to the connection capacity. This models the rapid 
CP-AMPAR influx during E-LTP induction. In addition, probabilistic induction of L-LTP in a 
connection is simulated by turning on its isPotentiated attribute with a probability that depends 
on the strength of the stimulation. 
Learning takes place (a) when stimuli are presented for training, (b) at memory retrieval 
(reactivation), and (c) when patterns are spontaneously activated by the memory consolidation 
process. Descriptions of these mechanisms follow: 
Training. To train an association, subsets of units in SC0 and SC1 representing an 
unconditioned stimulus, US, and a conditioned stimulus, CS, respectively, are activated. The 
network randomly selects and activates linkage units in HPC and ACC and then applies the 
learning rule to all connections that connect two simultaneously active units, i.e. connections that 
are in the Hebbian condition. The learning rate is defined to be relatively high in HPC, allowing 
rapid creation of linkages strong enough to support recall. The ACC learning rate is lower, hence 
linkages through the ACC are not strong enough to independently support recall immediately 
after training. 
Retrieval. To test recall of a trained pattern, the CS units are activated in SC0, and the 
network is cycled by repeated application of the activation function in all units. The activity 
pattern that the SC1 region then settles on may be compared to the associated US pattern to 
calculate a recall test score. 
Systems consolidation. At every simulation time step a randomly selected trained pattern 
is activated in HPC, after which the entire network is cycled in the same manner as for recall test 
(but without stimulus presentation). Whatever pattern the network settles into is then reinforced 
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by application of the learning rule. Because the network is more likely to settle into trained 
patterns than other random states, this will tend to strengthen CS-US linkages through the ACC, 
eventually making recall of trained patterns HPC-independent.  
AMPAR trafficking. At each time step, AMPAR trafficking is simulated by adjusting 
the numbers of AMPARs in all connections according to the following rules: (1) numCpAmpars 
declines exponentially towards zero, simulating CP-AMPARs’ limited dwell time at the synapse. 
(2) If a connection’s source and destination units are both active (Hebbian condition) and its 
isPotentiated attribute is true, then numCiAmpars grows asymptotically towards the number of 
available slots in the connection (capacity), simulating activity-dependent trafficking of 
CI-AMPARs into a potentiated synapse, otherwise numCiAmpars also declines exponentially, 
simulating a depotentiated synapse’s gradual return to baseline. 
Depotentiation. Potentiated connections are subject to random depotentiation. This 
happens with higher probability in HPC than in the neocortical regions, modeling the observed 
faster decline of hippocampal traces over time. 
Reactivation. Reactivation is modeled as an unreinforced CS presentation, i.e. a cued 
retrieval. The CS pattern is activated in the SC0 region, the network is cycled, and when it 
settles, AMPAR exchange is simulated in all connections between simultaneously active units 
(i.e. connections in the Hebbian condition):  numCiAmpars is reduced to a configured minimum, 
and numCpAmpars is set to its maximum allowed value capacity – numCiAmpars. This puts the 
ACC linkage connections in an unstable E-LTP-like state, modeling the post-reactivation 
instability documented in empirical studies. A randomly selected set of HPC linkage units is then 
activated, in the same manner as during initial acquisition, and a round of Hebbian learning takes 
place. 
MODEL OF SYSTEMS MEMORY RECONSOLIDATION 25 
 
 
As noted in the introduction, the hippocampal engagement is much briefer after 
reactivation (less than 24h) than after initial training, when HPC can support recall for at least 
three days. The mechanism underlying this faster disengagement is not known. One possibility is 
that memory retrieval activates a signaling pathway that accelerates depotentiation in the HPC 
links. To simulate such a mechanism, the probability of depotentiation is transiently increased in 
HPC connections that are potentiated at reactivation, and then decays exponentially back to its 
base value. 
Hippocampal lesion. Hippocampal lesion is simulated by disconnecting the HPC region 
from the simulation. 
PSI infusion. Infusion of PSI into a region – HPC or ACC – is simulated by disabling 
potentiation and CI-AMPAR insertion for nine hours of simulation time, corresponding to the 
amount of time that the protein synthesis inhibitor anisomycin remains active in brain tissue 
(Wanisch & Wotjak, 2008). 
Inactivation. Reversible inactivation of HPC or ACC is modeled by transiently disabling 
activation of all units in the HPC or ACC region, respectively. 
Results 
After training the network with a CS-US association, recall is tested by presenting the CS 
in the SC0 region and comparing the resulting activation pattern in the SC1 region with the 
trained US (a score of 1.0 indicates a perfect match). The descriptions below compare the recall 
scores in simulation runs where an intervention (lesion or inactivation) is performed with 
simulation runs without the intervention (labeled “baseline” in the diagrams). The score values in 
all diagrams are means of 100 simulation runs. Error bars indicate standard deviation. 
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1. HPC lesions produce memory deficits when performed in the consolidation or 
reconsolidation windows, but not otherwise. See Figure 2 and Figure 3. These simulations 
reproduce findings 5-7 and 10-11 of Table 1. 
 
Figure 2: Consolidation window. Simulated HPC lesions produce severe impairment 
when performed shortly after training, but not later. Recall tests were performed 7 days 
after lesioning, e.g. the data point corresponding to lesions performed 5 days after 
conditioning reflects recall tests executed on day 12. This simulates delays used in 
behavioral experiments to allow the animals to recover from surgery before testing. The 
baseline data points reflect recall tests at the corresponding time points, but without 
preceding lesions. 
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Figure 3: Reconsolidation window: Simulated HPC lesions produce severe impairment 
when performed shortly after reactivation, but not later. Recall tests were performed 7 
days after lesioning, i.e. the data points corresponding to lesions performed 0-23 hours 
after reactivation reflect recall tests executed on day 7 after reactivation, etc. The baseline 
data points correspond to recall tests at the corresponding time points, but without 
preceding lesions. 
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2. Systemic PSI infusion before conditioning  
Systemic PSI infusion before conditioning impairs formation of long-term memory but 
does not impair short-term memory, see Figure 4. This simulation reproduces finding 3 of 
Table 1. 
 
Figure 4: The effect of systemic PSI infusion before training. Short-term memory (1h) is 
unaffected, but long-term memory (24h) is severely impaired. 
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3. Systemic PSI infusion during maintenance  
PSI infusion during maintenance, i.e. after completed systems consolidation, does not 
impair subsequent memory retrieval, see Figure 5. This simulation reproduces finding 4 of 
Table 1. 
 
Figure 5: Effect of PSI on consolidated memory. Systemic PSI infusion was simulated on 
day 30 after conditioning. The diagram shows recall performance before and after the 
intervention. 
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4. Post-reactivation PSI infusion in HPC does not cause immediate memory loss. Rather, the 
recall impairment develops over a period of more than 4 but less than 48 hours (Debiec et al., 
2002). This simulation reproduces findings 8 and 9 of Table 1. 
 
Figure 6: PSI infusion in HPC after reactivation. PSI is infused immediately after 
reactivation; recall tests are performed four hours later or 48 hours later. The impairment 
only manifests at the later time point. 
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5. Consolidation transforms memories from being HPC-dependent to being ACC-dependent for 
recall, see Figure 7. These simulations reproduce findings 1 and 2 of Table 1. 
  
Figure 7: HPC/ACC-dependence for recall. HPC inactivation impairs recall 3 days after 
training, but not at 30 days. ACC inactivation does not affect recall 3 days after training, 
but causes severe impairment at 30 days. 
6. Reactivation creates a transient HPC linkage which temporarily returns the memory to ACC-
independence, see Figure 8. These simulations reproduce findings 12 and 13 of Table 1. 
 
Figure 8: Temporary ACC-independence after reactivation. Before reactivation ACC 
inactivation severely impairs recall of a consolidated memory. Six hours after 
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reactivation neither ACC inactivation nor HPC activation produces significant 
impairment. At 24h after reactivation, ACC dependence has returned. 
Discussion 
We have presented an artificial neural network model of systems memory consolidation 
and reconsolidation that accounts for a broad range of findings from the literature, including 
those from studies employing hippocampal lesions as well as reversible inactivation of the 
hippocampus or anterior cingulate cortex. At the core of the model is a new connection design in 
which variable stability arises from simulation of receptor exchanges that have been observed in 
glutamatergic synapses. 
It is worth noting that although the term “reconsolidation” suggests a recapitulation of 
consolidation, the model reflects our view that the two processes are quite different. Whereas 
systems consolidation is a gradual strengthening of the intra-neocortical connections that link 
together the components of a memory, systems reconsolidation consists in the restoration of 
L-LTP in such synapses following reactivation-induced destabilization. HPC lesions in the 
“consolidation window” (the first couple of weeks after training) and in the “reconsolidation 
window” (the first day or two after reactivation) both result in memory deficits – but for different 
reasons: HPC lesions in the consolidation window prematurely interrupts the hippocampal replay 
that drives establishment and strengthening of neocortical linkages, leaving a weak memory trace 
there. Loss of HPC in the reconsolidation window, in contrast, deprives neocortical neurons of 
the HPC stimulation required to restore L-LTP in synapses that have been destabilized by 
reactivation-induced AMPAR exchange, resulting in a decay process similar to that observed in 
E-LTP. 
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Below we list a number of predictions that can be used to test the validity of the model in 
future experiments. 
Predictions 
1. The model predicts that if reactivation is prevented from triggering AMPA receptor exchange 
in the ACC, then HPC lesion in the reconsolidation window will not impair recall. This could 
be tested by infusing a drug like GluA23Y into the ACC before reactivation. GluA23Y is a 
synthetic peptide that prevents endocytosis (removal) of CI-AMPARs from the synapse. In 
contrast, infusion of the same drug in the consolidation window should not prevent the recall-
impairing effect of hippocampal lesion, because in this case the impairment is not due to 
depotentiation but to interrupted consolidation. 
2. For the same reason (destabilization depends on CI-AMPAR endocytosis), the model 
predicts that GluA23Y infusion in ACC before reactivation would abolish the amnestic effect 
of post-reactivation PSI infusion in hippocampus. 
3. Destabilization can also be prevented by selectively inhibiting GluN2B-containing NMDA 
receptors (Ben Mamou et al., 2006; Milton et al., 2013), cannabinoid receptor 1, or L-type 
voltage gated calcium channels (R. Kim, Moki, & Kida, 2011). The model predicts that 
inhibiting any of these receptors or channels in ACC during reactivation would reduce or 
eliminate the amnestic effect of post-reactivation hippocampal lesion or PSI injection. 
4. The model attributes the briefness of post-reactivation ACC-independence to accelerated 
depotentiation of linkage synapses in hippocampus. Blocking AMPAR endocytosis in 
hippocampus, e.g. by local GluA23Y infusion, should therefore lengthen the period of ACC-
dependence. 
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5. If, as in our model, post-reactivation hippocampal lesion or PSI infusion cause memory 
impairments by depriving neocortical linkage synapses of the stimulation required to 
restabilize L-LTP, then prolonged (several days) reversible inactivation of hippocampus 
should have the same effect. 
6. In the model, all that is needed for restabilization of a reactivated memory trace is repeated 
activation of its ACC linkage. This suggests that it may be possible to compensate for an 
inactivated hippocampus (as in prediction 5) by triggering reactivations externally, i.e. by 
reminders. This idea is somewhat analogous to a result reported by Lehmann et al. (2009), 
where repeated conditioning sessions were shown to significantly speed up the development 
of hippocampus-independence. 
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